Abstract-During minimal invasive telesurgery with surgical robots, surgeons rely on their vision to determine the forces applied to tissue. Using an end-effector from da Vinci Surgical Systems a force-feedback control system has been developed, in order to reduce the unnecessary forces applied by the surgeon. To avoid adding any additional hardware, the forces in the system have been estimated on the basis of the existing actuators, using parameter estimation techniques. The inevitable time-delays in the network, which imposes challenges in control design, are also estimated and compensated for within the control design.
I. INTRODUCTION
The use of robotics has become an important tool for certain surgical procedures, leaving patients with significantly shorter recovery time due to the possibility of minimal invasive surgery. There are still many possibilities in the use of robotics that are not yet being fully utilised. Having already separated surgeon from patient by use of electrical signals, it seems like a natural step in this time of advanced telecommunications to further geographically distance them. This could result in patients having easier access to expertise within specific surgical fields instead of having to travel to other cities or even countries for the best treatment available. Additionally, even small hospitals would be able to offer surgery for a wider range of illnesses without having to employ several surgeons, each specialising in a certain procedure.
However, by simply remotely controlling a surgical robot, the surgeon is restricted by not having the sense of touch. Adding force-feedback would relieve the surgeon of having to estimate the force visually from the strain caused on the tissue of the patient. To avoid increased production costs, obtaining a measure for the forces applied using only the hardware already in place for robotic surgery would be favourable. This would also ease the implementation of force-feedback on existing systems.
The concept of telesurgery is one that has been researched for many years and has resulted in the world's first transatlantic surgery in 2001 by [1] , with the surgeon sitting in 1 Department of Electrical Engineering, Aalborg University, 9220 Aalborg, Denmark an office in New York and performing a cholecystectomy 2 on a women in Strasbourg. This was done over a dedicated fiber-optic connection with a mean round trip time of 155 ms. Further studies into the effects of time-delay in a telesurgical environment has been done such as [2] , who concludes that delays of 400 ms or below had no significant impact on neither task time nor error-rate when performing surgical like tasks. In [3] the combination of time-delay and force-feedback has been studied, concluding that in a suturing task the skill of the surgeon outweighed the negative effects of 165 and 270 ms delay. Neither did force-feedback increase completion time for experienced surgeons, however it did significantly reduce forces exerted upon the sutured fabric. Both of these studies confirm [4] who concludes that time-delays of 600 ms significantly increases task times. In addition they also show that asynchrony in video and control feedback improves performance compared to further delaying one of the signals to obtain synchronised feedback.
This article will describe the work done to design and implement a stable force-feedback control system on a telesurgery prototype consisting of one end-effector and a surgeon interface, which in the following will be referred to as the joystick, connected through a network imposing a variable time-delay on the information transmitted. The communications protocol developed to handle the information flow between each station is designed to run on an IPnetwork and could therefore immediately be used over the Internet. However, the results discussed in this article are obtained on a Local Area Network with simulated delays. Forces experienced by the end-effector are found using parameter estimation, with measurements available even if the system had not been designed for force-feedback.
In Section II, Methods, the prototype and environment will be further described along with any definitions and assumptions made during the design of the system. Furthermore, the ideas and methods behind both control design and the development of the parameter estimator will be described before introducing the practical tests, through which the results have been obtained. Section III, Results, will take a closer look upon the details of the data gathered in the specified tests of the system. Lastly, Section IV, Conclusion, will conclude on the obtained results while Section V, Perspectives, will leave suggestions regarding areas for further research and development. 2 Removal of the gallbladder. 
II. METHOD
During the design phase of the controllers and the model based parameter estimator, certain assumptions have been made. In order to obtain a linear model of the system, nonlinearities of the physical system have not been taken into consideration, besides saturation of the power supply and constraints in the joystick and end-effector positions. This will result in a simplified model and may pose a need for more manual tuning.
Dynamics of the end-effector have not been modeled, as they are assumed negligible compared to the dynamics of the motors driving it. The joystick is also assumed to have no dynamics, mainly because of the hand's influence on the system. Latency in the system is defined as the round-trip time from the console sends a latency service packet to it receives a corresponding latency service packet. When defining latency in this manner, the motor drivers processing time is not taken into consideration.
To implement force feedback it is utilized, that the current in a DC-motor is proportional to the torque it applies. By knowing the end-effectors motor current, this can be used as a reference point to the console control loop and thereby force-feedback can be applied without the use of force sensors.
A. Setup
The system setup is shown in Figure 1 . The two computers depicted are running a low latency Linux kernel, which does not guarantee hard real time operations, but has a considerably lower latency than the corresponding generic kernel [5] . The motor drivers are embedded systems connected by a serial link and handles the interface between workstations and motors driving the end-effector and applying force feedback to the joystick. The end-effector used for the prototype system is from da Vinci Surgical Systems 3 and has four degrees of freedom. The joystick has been developed at Aalborg University, and also has four degrees of freedom. 3 davincisurgery.com To simulate an unreliable network, like the Internet, that may impose varying time delay, the network emulation tool Netem has been used [6] .
B. Control
The designed control scheme consists of two systems, namely console and robot. A concept overview of the control scheme is shown in Figure 2 . The console control system's objective is to ensure that force applied by the robot is fed back to the user through the joystick. This feedback has been chosen to be a 1:1, based on the motor current in the robot control system.
The robot control system's objective is to ensure that the position of the robot corresponds to the position of the joystick. The relationship between joystick and robot position in the test setup is 1:1. The relationship in commercial products, like the da Vinci Surgical System, is 5:1 seen from the console side, as this filters shaky hand movements and makes it possible to conduct more precise procedures. What the optimal ratio should be is an entire study in itself, however, the developed controllers have been developed so they can take any ratio the user would desire. To control the internal loops as well as give a reference point to the other control loop, each plant model has one input and two outputs, which is illustrated in Figure 3 . Feedback current from the robot to the console is negated because the force-feedback should counteract the robots movement. From Figure 3 , the closed loop transfer functions for the two inner loops are derived as stated in Eq. (1) and (2) . Where H c is the console closed loop and H r is the robot closed loop.
(1)
The open loop system equation for the outer feedback loop can be seen in Eq. 3. The open loop system is used for stability analysis.
C. Stability Analysis
To be able to ensure stability it is not enough to simply look at the transfer function of the main loop. Considerations must also be made to all the other transfer functions arising from the multiple inputs and outputs of each subsystem. Using the principle of internal stability, the console and robot models are individually analysed for stability across all of their transfer function. This equates to checking the eigenvalues, i.e. poles, of the corresponding state matrix representation of the system.
Once the subsystems are proven stable, the overall system can be proven stable simply by looking at a single transfer function through the system [7] . This function, which in this system has been defined as the open loop of Irob Iref , is the one that will be used to determine the effects of time-delay.
With the individually designed controllers for the subsystems the resulting overall system was calculated to be stable, but with a phase margin of only 5
• . This was deemed as insufficient due to the fact that model uncertainties could effectively mean that the actual system was pushed into an unstable region. Therefore, a phase margin of 45
• is chosen as a design goal. It is not adjusted according to its transient properties due to the assumption that the hand has an overshadowing dampening effect. To increase the phase margin a lead compensator has been designed in series with the overall loop.
To counteract the destabilizing effects of a pure time-delay a Smith predictor is implemented. It contains a model of the robot side of the system from the reference position to the output current, and, with an ideal model, will eliminate the effects of delay completely from a stability point of view. How the lead compensator and the Smith predictor are incorporated into the control scheme is depicted in Figure  4 . In order to implement the Smith predictor the latency is found by a measure of the round trip time. The latency found has to be accurate, as a significant error in this could cause instability. To ensure that the round trip time is provided, the developed communications protocol measures it. However, if the network latency varies much between sample times, instability can still become an issue.
D. Parameter Estimation
Given that the torque in a DC-motor is proportional to the current, this can directly be used to apply force-feedback. Ideally, the current should be found without adding any additional sensing equipment. Instead it would be beneficial if an already installed transducer, such as the position sensor, could be used. When the position and the sampling frequency is known, it is trivial to calculate the velocity.
A derivation of a continuous time state space DC-motor model can be found such that the states are the current, i, and the angular velocity, ω. Model input is motor voltage, u, and model output is the angular velocity, ω. The state space model is given in Eq. (4) and (5).
The model makes it possible to estimate the current based on the input and the velocity. The estimation can be enhanced by applying the model into a Kalman filter. A Kalman filter is a linear optimal observer that estimates a state, given a model, an input and a measurement. Based on this information it estimates the state better than if only the model is used, as old input keeps influencing the estimate. Therefore, a Kalman filter is designed as stated in [8] . Given that the Kalman filter is implemented as a discrete time filter the state space model is discretised as seen in Eq. (6) and (7).
The Kalman filter model is seen in Eq. (8), (9) and (10) and depicted in Figure 5 , which illustrates how the Kalman filter uses the model to predict the states x(n).
As seen, there is a direct connection between the discrete motor model and the system, observation and Kalman filter The Kalman filter takes two steps in order to predict and update its estimate of the states. These are depicted asx p and x u , respectfully. The Kalman filter needs to be initialised. This is done by guessing on initial conditions and selecting variances. The current and angular velocity of the motors are expected to be zero at start up, thereforex u (0) = [0 0]
T . The variance of w is set low and z high, this means that the measurement is highly trusted, and that noise is only a little suppressed. With this filter design it is possible to use the measured motor velocity and applied motor voltage to estimate the current and thereby also the torque.
E. Test Description
The results described in this article are obtained through three tests. Each test have been performed using a local network and a network simulator, Netem, is used for generating delays that are known and reproducible 4 [4] . When performing the tests all available joints have been used. Only data from one joint will be presented in this paper.
1) 1 st Test -Position Tracking: Data from the tachometers are logged. The test is performed consecutively with delays of 0, 100, 200 and 400 ms. For each setting the joystick is rotated 45°to the right from the centre position and the grip is loosened. After approximately two seconds the joystick is rotated 45°to the left of centre position before loosening the grip. Two seconds later the joystick is rotated back to the centre position and released. This examines the robot's ability to track the joystick position and exposes if instability within any of the tested time-delays is an issue.
2) 2 nd Test -Torque Tracking: The estimated current at the robot and the console is logged, while the test is performed consecutively with delays of 0, 100, 200 and 400 ms. A force is applied to the joystick while keeping the end-effector fixated. This should result in a constant and equal current in both joystick and end-effector and will show how well torque applied to one is tracked by the other.
3) 3 rd Test -Parameter Estimation: In this test the estimated motor current on the robot is logged, along with a measurement of the actual motor current. A force is applied to the joystick, first in one direction and then in the other. Hereafter, the end-effector is fixated and the motion is repeated. This test should show how well the actual motor current is estimated. By first applying the force in one direction and then the other, it is also tested how well the direction of the current is estimated.
III. RESULTS
The results are presented as graphs of the transient behaviour to inputs described in the previous section. Only the tests where the round trip time is 0 and 400 ms are shown. This is done as 400 ms is the maximum allowable delay in the system, and for systems with less delay, the transient behaviour is better in both theory and tests. In the tests with delay the time-axis is shifted 200 ms to improve comparability.
A. 1 st Test -Position Tracking
First, a test with 0 ms round-trip time is seen in Figure 6 . The robot tracking deviates from the joystick position, but the movement of the robot is more steady. This indicates that the surgeons hand movement is filtered despite the 1:1 scaling, which is a good feature in surgical robots. It is evaluated that the small deviation in tracking is acceptable, due to the fact that the surgeon also is provided with visual feedback.
Increasing the round-trip time to 400 ms results in the response seen in Figure 7 . While the system is still stable, a damped oscillation is now present at the joystick. Again the robot trajectory is filtered compared to the joystick. It is noted that the size of the position error is similar to the test without delay.
B. 2 nd Test -Torque Tracking
Results from the test with robot restrained and without delay can be seen in Figure 8 . By examine the graph the current and hereby force applied on both robot and joystick are identical in steady state and similar when the joystick is moved away from initial position. Meaning torque experienced at the robot, is transfered to the joystick in a 1:1 scale.
Adding a round-trip time of 400 ms will result in Figure 9 on the next page. The position suffer from the delay, but the current measurement tracks well. Therefore it seems that the delay does not influence the torque tracking.
C. 3 rd Test -Parameter Estimation
The parameter estimation test compares the estimated with the measured current on the robot side of the setup. The comparison is depicted in Figure 10 . It shows that the current measured by use of the motor driver is only positive and cannot be below 50 mA. This is caused by the motor driver, and the way its current sensor works. The current sensor is only able to measure the absolute value of the current.
As seen, the current estimation tracks the measured current well and captures the dynamic behaviour. In the scenario where the robot is fixated (after 6 seconds) the estimation does not reach the same level as the measured current. This is assessed to be caused by simplifications in the model.
IV. CONCLUSION
In this paper an implementation of force-feedback in a surgical robotic system by estimation of the applied force is introduced. The prototype setup has been developed in a modular manner consisting of standard COTS hardware. The software development platform is based on the Ubuntu low latency kernel, which does not guarantee real time operations, but reduces latency considerably compared to the generic kernel. To simulate different network delays, the network emulation tool Netem for Linux has been used.
A control design method that renders it possible to design the individual loops separately, by guaranteeing internal stability in them, has been utilized. Knowing that both control loops are stable, only a single path through the outer loop has been examined. In order to reach a satisfactory phase margin of 45°a lead compensator has been designed in series with the overall open loop system. To counteract the destabilizing effect of the network time delays a Smith predictor, containing a model of the robot system, is incorporated into the console control algorithm.
In order to provide force-feedback to the surgeon, without adding any additional sensing equipment, a Kalman filter estimating the motor current, has been introduced. The implemented filter is based on a system model as well as knowledge of the voltage input and position measurements.
The results obtained in this paper consolidate that it is possible to design a control scheme that is stable even with considerable delays imposed by the network channel by use of a Smith predictor. However, the results are based on a known fixed delay where variations of it could compromise stability.
The results also show that it is indeed possible to implement force-feedback without any direct force or torque measurements, by the use of parameter estimation.
V. PERSPECTIVES
The application of 1:1 force-feedback to telesurgery is not necessarily an advantage in all situations. Using robotics, it is possible for the surgeon to perform under more comfortable conditions, such as sitting in a chair and avoid wearing caps, face mask and gloves. However, having to also apply the same force, instead of merely moving a joystick, could result in unnecessary fatigue. Depending on the procedure performed it could be beneficial to be able to reduce the amount of force fed back, at the surgeon's discretion, when it is irrelevant for the quality of the procedure. Taking this a step further, it could prove useful to make on-the-fly changes to feedback ratio in both directions. Meaning that the surgeon would also be able to enhance the sense of touch for when performing the most delicate procedures, incorporating the studies of [9] , such that telesurgery in the future could utilize and enhance the surgeon's sense of touch instead of completely eliminating it as it currently does.
